1. Introduction {#s0005}
===============

Because of many recent developments, the Additive Manufacturing (AM) has become a mainstream in a wide range of industries: from biomedical equipment to the aerospace field. Among a multitude of additive processes, one of the most promising technologies for polymers is the method of Fused Filament Fabrication (FFF), also known as Fused Deposition Modelling (FDM^TM^). The latter is a cheap, accessible, highly flexible and uses stable and easily transportable precursor materials. FFF technology has gained considerable interest lately. Applications range from rapid prototyping to jewelry design, from home-printed gimmicks to individualized prostheses. We can see it, today, this technology has shown its efficiency and its robustness in the manufacturing of numerous medical equipment's (facemasks, protective visor or incubation tools...) which participate to help fighting coronavirus pandemic. The FFF technique consists of heating a thermoplastic material slightly above its melting point inside a nozzle. The viscous material is then extruded out of a die, deposited sequentially and additively, according to corresponding G-code, to manufacture objects described by the standard tessellation language (.stl file) [@b0005], [@b0010]. The characteristics of this method are simplicity and low cost of equipment and maintenance. While AM provides the opportunity to quickly go from design to product especially for parts that have difficult or impossible to machine features, challenges remain for predicting mechanical performance. According to various sources [@b0015], [@b0020], [@b0025], [@b0030], [@b0035], [@b0040], FFF printing involves an extremely large number of process parameters. All of them have the potential to impact the mechanical properties of the finished part. Therefore, the decisions could be difficult to make about which parameters to use. Usually, operators choose the parameters under their experience and acquired knowledge, but there is not enough comprehensive information to determine suitable manufacturing parameters. Although the quasi-static mechanical properties and dimensional accuracy of FFF components are well documented [@b0045], [@b0050], [@b0055], [@b0060], [@b0065], the dynamic mechanical and fatigue properties are still not fully established. Fatigue testing in 3D printed specimens is challenging due to the anisotropic properties and residual stresses that result from layer deposition [@b0070]. Different variables associated with each type of printing technique affect the mechanical characterization of the specimens. Several studies have reported some parameters which could potentially affect mechanical properties and fatigue life of 3D printed parts [@b0010], [@b0025], [@b0030], [@b0035], [@b0040], [@b0075], [@b0080], [@b0085], [@b0090], [@b0095], [@b0100], [@b0105]. We note that the most important parameters are: (i) raster orientation, (ii) layer height, (iii) layer thickness, (iv) extruder temperature, (v) feed rate (vi) gap between raster, and (vii) build orientation. Due to the synergism between these variable parameters, fatigue is challenging to predict. All of them influence the microstructure of the part that, in turn, may significantly affect the mechanical behaviour and failure mechanism. Ziemian et al [@b0025], [@b0030], [@b0035] have examined the effects of raster orientation on axial loading fatigue life. In the first study [@b0025], rectangular prisms of ABS were printed with four raster orientations of 0°, 45°, 90°, and 45°/45°. The results indicated that the 45°/45° raster orientation had the best fatigue life. In the subsequent studies [@b0030], [@b0035], ASTM D638 dog bone specimens were printed with seven raster orientations of 0°, 45°, 90°, 45°/45°, 30°/60°, 15°/75°, and 0°/90°. In accordance with the first study, the 45°/45° raster orientation exhibited the best performance. In several studies [@b0110], [@b0115], [@b0120], [@b0125] the fatigue lives of injection molded and 3D printed specimens of ABS and polycarbonate urethane (75 A, 85 A, and 95 A) respectively are studied and compared. Besides, the influence of previously cited parameters with their interactions on the tensile behaviour of FDM parts has been studied, including essentially the tensile fatigue. However, little research has addressed the flexural properties of FFF parts.

Typical printing materials cited in the literature are polylactic acid (PLA), acrylonitrile butadiene styrene (ABS) and polycarbonate (PC). There is a lack in the literature regarding the fatigue testing of some semi-crystalline materials like polypropylene (PP), polyamide 6 (PA6) and polyether ether ketone (PEEK) within FFF process. A key reason for their limited use is attributed to their severe shrinkage and warpage that occurs during part cooling and crystallization. Polymers with high crystallinity distort and warp more during FFF process, in comparison with amorphous plastics, due to the considerable volume reduction associated with the formation of ordered, more densely packed regions during crystallization [@b0130], [@b0135], [@b0140]. This causes parts that are fabricated with polyamide to warp more and detach from the build platform, compared to those with ABS [@b0145]. Consequently, crystallization is believed to drastically decrease molecular mobility and can prevent interlayer diffusion to establish sufficiently strong welds between layer.

The aim of this research is to evaluate: (i) some problems encountered during the printing process of the PA6, and when they are overcome and successful print is attained, (ii) the effect of print-built orientation on both quasi-static and fatigue behaviours of specimens loaded in three-point bending tests. It is well known that the part build orientation modifies the raster direction, thus, varying the mechanical properties. Consequently, in order to decouple the effect between two parameters, all specimens were printed with raster orientation of 0°, i.e., unidirectional with two print build orientations ((Flat (XY plane) and on-edge (XZ plane)). In our analysis, we discuss, in every case, how obtained porosity and surface roughness affect the fatigue behaviour. Our results are compared to conventional processes data given by the literature review.

2. Material and FFF process {#s0010}
===========================

NYLON 230 filament, produced by Taulman (USA), is a standard polyamide 6 (PA6) without chemical additives ([Table 1](#t0005){ref-type="table"} ). One big challenge with PA6 filaments is that they are hygroscopic, which means they readily absorb moisture from their surroundings. It is the moisture that the filament absorbs that produces fumes during printing and affects the quality of the printed specimen. To overcome this problem the drying of the filaments before printing was carried out at 60 °C in a vacuum oven for 6 h. This time is required to stabilize the weight loss of the filament. All the specimens were then stored in the dry atmosphere of a desiccator prior to testing. The specimens of FFF process were manufactured on the open-source Spiderbot 3D printer ([Fig. 1](#f0005){ref-type="fig"} a). Simplify3D software version 4.1 was used for slicing the. STL files into machine readable g-code. [Fig. 1](#f0005){ref-type="fig"}b shows STL File of the three-point bending test specimen conforming to the ISO 178:2010 [@b0150]. All specimens were printed with raster orientation of 0°, i.e., unidirectional. A flat (XY plane) and on-edge (XZ plane) built orientations were chosen for investigation of mechanical and fatigue behaviours (see [Fig. 1](#f0005){ref-type="fig"}b).Table 1Material properties given by Taulman 3D manufacturer.MaterialPA6 (Nylon 230)Chemical formula\[NH−(CH~2~)~5~ − CO\]~n~Melting temperature: T~m~, °C195Glass transition temperature: Tg, °C68Tensile modulus when 3D printed, MPa730Tensile stress when 3D printed, MPa34Coefficient of thermal expansion (×10^−6^ K^−1^ )95Water absorption (% weight increase, saturated)8.5--10Density, g/cm^3^1.14Fig. 1(a) FFF open-source Spiderbot 3D printer, (b) Built orientation printing for FFF process, using Simplify3D version 4.1, and (c) Printed specimens in XZ build orientation.

Another challenge to print PA6 is that they prone to warping. One of the reasons for warping is the semi-crystallinity of the PA6 polymers [@b0130], [@b0135], [@b0140], [@b0145]. Another reason is the temperature differences through the thickness. In the FFF process, the temperature of the deposited layer is often lower than the next one. Shrinkage will not be uniform from layer to layer. In essence, the plane on one side of the part will shrink more, causing it to be smaller than the other side creating a bending moment that can lead to warpage [@b0155]. As for us, the build direction of the specimen in different planes changes the amount of the first layer deposited consequently generated a uniform and a non-uniform cooling across the part thickness in the XY and XZ build orientations respectively. The uniform cooling causes asymmetric residual-stress distribution whereas the non-uniform generates an asymmetric one. The first contributes to keeping the part flat whereas the latter is responsible for warpage phenomena. In our case, we never succeeded to print specimens without heating the support as recommended by the manufacturer. Specimens present high warping phenomena and do not adhere to the bed support at room temperature. In addition, the cross-section of specimens shows a high porosity. We tried several tests by incrementing the bed platform temperature by 10 °C ([Fig. 2](#f0010){ref-type="fig"} a). Finally, reduction in warpage and porosity was seen by raising both the bed platform temperature to 90 °C and the extrusion width from the default value of 0.55 to 0.67 mm, and keeping the air around part at a temperature of about 45 °C ([Fig. 2](#f0010){ref-type="fig"}b).Fig. 2Cross-section of the specimens printed in XY build orientation: (a) bed platform heated at 45 °C, (b) bed platform heated at 90 °C.

There are other precautions that we have taken into account to eliminate the warping and ensure better printing quality: (i) disabled fan cooling. This allows all the layers to stay warm for a longer period time, and (ii) the specimens in XZ build orientation were printed with support structure on their edges ([Fig. 1](#f0005){ref-type="fig"}c). They were cut later to obtain the rectangular bending specimens, according to the ISO 178:2010 [@b0150]. All specimens were printed using the same batch of PA6 polymer. The manufacturing parameters are shown in [Table 2](#t0010){ref-type="table"} .Table 2Fixed process parameters along with their nominal values.Printing Parameters of PA6Colour filamentColourlessPrint speed, mm/min2250Movement speed, mm/min5400T~bed,~ °C90T~head,~ °C230Extrusion width0.67Layer height, mm0.2Nozzle diameter, mm0.5Extrusion multiplier1Overlap, %40Number of contours3Infill percentage, %100Raster orientation, °0

3. Experimental procedure {#s0015}
=========================

Prior to testing, the glass transition, melting temperatures, and crystal weight fraction Xc of PA6 were measured by using Differential Scanning Calorimetry (DSC) (DSC 404 F1). All specimen dimensions were measured by a set of digital Vernier calipers, and their surface roughness was scanned by Bruker mechanical Profilometer (Dektak-XT). Specimen densities were calculated based on Archimedes' principle. These data were used to ensure that all tested specimens were in similar conditions and for interpretation results.

3.1. Differential scanning calorimetry (DSC) {#s0020}
--------------------------------------------

The thermal properties of PA6 polymers were analyzed by differential scanning calorimetry (DSC) on a DSC404 F1 machine (Netzsch, German). Test specimen fragments (length & width \~ 1 mm, thickness \~ 200 μm) were carefully cut by scissors from both the drying filament and bottom supportive layer of specimens used in quasi-static mechanical tests. Each sample weighed 8--10 mg. Heating/cooling rate **k** of 10 °C/min from 25 to 350 °C in argon atmosphere was chosen according to ASTM D3418 [@b0160]. This data was used to generate a graph of the heat flux versus temperature. Three specimens were tested. The glass transition (T~g~), melting temperatures (T~m~), and crystal weight fraction (X~c~) of the specimen were measured before and after the additive process. The X~c~ was determined by:$$X_{c} = \frac{\Delta H_{m}}{{\Delta H}_{m0}}$$where ΔH~m~, ΔH~m0~ are respectively the specimen and the full crystalline melting enthalpies (230 J/g for PA6 [@b0165]).

3.2. Determination of porosity {#s0025}
------------------------------

Density is obtained by weighing the cut PA6 specimens before and after impregnation with diiodomethane (CH~2~I~2~) [@b0170] and determination of their volume from the Archimedes force:$$\rho = \frac{m_{a}}{m_{a(CH_{2}I_{2})} - m_{H_{2}O{(CH_{2}I_{2})}}}\rho_{(H_{2}O)}$$where m~a~, m~a\ (CH2I2),~ m~H20\ (CH2I2)~ are the specimens weighed in air, diiodomethane, and water with diiodomethane respectively; ρ~(H2O)~ is the density of water. Note, the impregnation with diiodomethane, which is a compound immiscible with water, prevents water to penetrate into open pores of the specimens. Thus, the true measured porosity is expressed by:$$\mathit{Porosity} = \left( {1 - \frac{\rho}{\rho_{s}}} \right)100$$where ρ~s~ -- density of the initial material (ρ~PA6~ = 1.14).

3.3. Roughness characterization {#s0030}
-------------------------------

The surface roughness of studied specimens was analyzed by Bruker mechanical Profilometer (Dektak-XT). 3D topography profiles are recorded. 40 profiles are scanned along the x-direction. Their length is 2 mm. Each profile has been positioned in the central part of the specimen and on the top surface opposite to the bed printer.

3.4. Mechanical characterization {#s0035}
--------------------------------

### 3.4.1. Quasi-static flexural tests {#s0040}

Quasi-static flexural mechanical property tests were conducted in the three-point-bending mode according to the ISO 178:2010 [@b0150] standard for both XZ and XY build orientations of the unidirectional PA6 specimens. The tests were carried out to establish an elastic flexural modulus (E~f~), elastic limit stress (σ~el.f~), and ultimate flexural strength (σ~max.f~) ([Fig. 3](#f0015){ref-type="fig"} a). The distance between the two support pins was L = 80 mm. The ratio L/h was equal to 20, which allows ignoring the shear stresses during testing. The tests were carried out on an electro-mechanical testing machine (Zwick) under the displacement-controlled conditions at a constant rate of 100 mm/min ([Fig. 3](#f0015){ref-type="fig"}b). At least five specimens of each build orientation were tested.Fig. 3(a) According to the ISO 178:2010 standard the sample dimensions for three-point bending testing were defined as: R~1~ -- 5 mm, R~2~ -- 2.5 mm, L -- 80 mm, h -- 4 mm, l -- 100 mm, and (b) Zwick testing machine: 1 -- specimen, 2 -- support, 3 -- displacement sensor, 4 -- punch.

### 3.4.2. Fatigue flexural tests {#s0045}

Three-point bending cyclic tests were performed on an in-house built flexural fatigue test machine designed at the LAMPA laboratory ([Fig. 4](#f0020){ref-type="fig"} ). The same specimen dimensions and span length as for the quasi-static testing were used. The fatigue tests were displacement-controlled with various strain ratios r defined by:$$r = \frac{\varepsilon_{\mathit{\max}}}{\varepsilon_{\mathit{el}}}$$with $\varepsilon_{\mathit{\max}}\mspace{6mu} and\mspace{6mu}\varepsilon_{\mathit{el}}$ respectively the maximal strain applied during the fatigue tests and the average elastic strain measured during quasi-static tests. Note, to reduce maximum the visco-plastic behaviour of materials during the fatigue tests, all the specimens tested were conducted in their visco-elastic domain (below yield point).Fig. 4Experimental set-up of fatigue test: 1 -- frequency controller, 2 -- engine, 3 -- eccentric, 4 -- load cell, 5 -- support, 6 -- displacement sensor LVDT.

Since there is currently no material standard for additive manufactured parts, the recommendation from a similar material standard for the flexural fatigue properties of plastics was used [@b0175]. The tests were performed with a frequency of 5 Hz. The temperature of the specimen was not significantly affected by this frequency; the observed change in temperature was much smaller than the recommended maximum temperature rise of 10 °C [@b0040] (see [Fig. 5](#f0025){ref-type="fig"} ). The tolerable threshold was taken as a temperature rise less than 10 °C relative to ambient conditions. At least three specimens per loading configuration were tested. The experimental program is summarized in [Table 3](#t0015){ref-type="table"} .Fig. 5Temperature evolution of the central part of the specimen measured by a thermocouple at the highest loading ratio (r = 68%).Table 3Experimental conditions for fatigue tests.MaterialPA6 (FFF)ε~max~, %0.30.60.91.21.5r, %1427415568No. of specimen tested33333

4. Results and discussion {#s0050}
=========================

4.1. Microstructure characterization {#s0055}
------------------------------------

### 4.1.1 DSC {#s0060}

The properties of plastics are significantly influenced by their degree of crystallization [@b0180]. The higher the degree of crystallization, the stiffer and stronger, but also more brittle a printed part is [@b0185]. Above a critical threshold, it causes the warping. Therefore, it is necessary to know their thermal properties. [Fig. 6](#f0030){ref-type="fig"} shows a DSC graph of heat flux (mW/mg) versus temperature (°C) for the PA6 filament before and after printing. The spectrum shows the glass transition (T~g~) and melting point (T~m~). The glass transition (T~g~) was determined by estimating the midpoint in the proximity of the change in specific heat (ΔCp). The typical melting endotherm permits to obtain the melting temperature and calculate crystal weight fraction (Xc) of the specimen. Both glass transition (T~g~) and melting temperatures (T~m~) have almost the same values before and after printing ([Table 4](#t0020){ref-type="table"} ). The slight difference is situated in the range of error measurements of the DSC apparatus. The crystal weight fraction (Xc) is the same before and after printing ([Table 4](#t0020){ref-type="table"}). There is no effect of the FFF process extrusion on the crystallinity degree of filament. The obtained degree of crystallinity (Xc) is relatively higher compared to some other materials (amorphous or Xc is less than 10%) usually used during the FFF process. This could explain the difficulty encountered during printing.Fig. 6An example of typical DSC data for PA6 materials before and after printing.Table 4Average values of 3 DSC analyses.Name of SpecimenTg, °CΔH^m^, J/gXc, %T^m^, °CPA6 before printing75 ± 3.745 ± 120 ± 0.7215 ± 0.8PA6 after printing73 ± 2.546 ± 0.420 ± 0.2214 ± 0.5

The scanning runs using DSC have also revealed that there is no cold crystallization peak in the PA6 before and after printing.

### 4.1.2. Porosity {#s0065}

Part density and porosity are important parameters to investigate as they are intrinsic to FFF parts printed. The average porosity and density of PA6 obtained by the FFF process in XY and XZ build orientations are summarized in [Table 5](#t0025){ref-type="table"} .Table 5Effect of build orientation on average porosity and density of specimens.Build orientationXZ directionXY directionPorosity11 ± 1.613 ± 2.8Density (g/cm^3^)1.015 ± 0.030.992 ± 0.08

The obtained results show that the porosity depends on build orientation: it is 15% lower in XZ than in the XY one. In addition, the carefully polished cross-section observations realized on optical microscopy (Carl Zeiss Imager.M2m) confirm this trend ([Fig. 7](#f0035){ref-type="fig"} ).Fig. 7Cross-section observations of PA6 specimens showing the porosity: (a) XY and (b) XZ build orientations.

Despite the effort to eliminate the porosity, it is noticeable that in XY build orientation, the first 10 layers are free of porosities compared to the middle and top layers ([Fig. 7](#f0035){ref-type="fig"}a). The assumption developed to explain this porosity distribution can find an answer in the thermal analysis of the cooling process and its consequence on the crystallization phenomenon. It suggests that the thermal gradient is proportional to the deposited amount of polymer (number of deposited filament). In the XY configuration, there are no less than 30 filaments deposited on the bed platform to form the first layer (extrusion width = 0.67 mm, see [Table 2](#t0010){ref-type="table"}). During printing, the subsequent deposition of molten polymer on top of a previously printed layer will strongly change the layer temperature over time, making the FFF process highly non-isothermal. The thermal gradient is less important between successive layers on the bottom of the specimen (because of the bed temperature) than on the top. From a certain thickness, the molecular mobility decrease prevents interlayer diffusion to establish sufficiently strong welds between layers. As consequence, successive deposition of new molten polymer onto previously cooled printed layer becomes difficult and therefore, interfacial diffusion and the resulting adhesion between deposited layers are decreased, by inducing the defects and pores during the cooling process. This behaviour is not observed in XZ build orientation ([Fig. 7](#f0035){ref-type="fig"}b). In the latter, only 6 filaments were deposited on the bed platform. We suggest that the thermal gradient in layer and between two successive deposited layers is less important. This explains the homogeneous distribution of the porosity.

### 4.1.3. Surface roughness characterization {#s0070}

The obtained results of surface roughness Ra and the 3D topography profiles are shown in [Fig. 8](#f0040){ref-type="fig"} . The surface roughness depends on build orientation. This is explained by the fact that for the XY configuration, the surface subjected to bending is constructed by parallel rods of width 0.67 mm (extrusion width) whereas in the XZ one, by the rods corresponded to 0.2 mm (layer height). The XY build orientation gives the specimens 65% rougher than the XZ one.Fig. 83D topography profiles of PA6 printing on: (a) XZ and (b) XY build orientations. Ra (μm) is the arithmetic mean surface roughness, it is by far the most commonly used parameter in surface finish measurement and for general quality control.

4.2. Influence of build orientation on quasi-static flexural behaviour {#s0075}
----------------------------------------------------------------------

The plot of average stress against the average strain of five specimens of each build orientation is shown in [Fig. 9](#f0045){ref-type="fig"} . As can be seen, both build orientations do not have the same mechanical properties. The same trend was observed for tension mode [@b0190]. The averages of both elastic limit stress (σ~el.f~) and maximum bending stress (σ~max.f~) associated with XZ build orientation are approximately 2 MPa (or 20%) and 3.5 MPa (or 24%) greater than the XY build one respectively. The reason which can be explained this behaviour is related probably to lower porosity in the XZ build orientation than in the XY one (cf. [Table 5](#t0025){ref-type="table"}).Fig. 9Comparison of average stresses versus average strains of both XY and XZ build orientations of PA6 manufactured by the FFF process.

The flexural modulus (E~f~), the elastic limit stress (σ~el.f~), and the maximum bending stress (σ~max.f~) were compared with those of conventional manufacturing processes [@b0195], [@b0200], [@b0205], [@b0210], [@b0215], [@b0220], [@b0225] ([Table 6](#t0030){ref-type="table"} ), by considering the degree of crystallinity and the moisture content. In addition, the tension properties of IM and Extrusion techniques were also added in [Table 6](#t0030){ref-type="table"}.Table 6Summary of quasi-static flexural test results compared with those of conventional manufacturing processes. All data was obtained at ambient temperature.Material/ProcessMoisture conditionXc, %E~f~, MPaσ~el.f~, MPaσ~max.f~, MPaε~el~ %E, MPaσ~max~, MPaRef.PA6/XY build directiondry20 ± 0.2394 ± 218 ± 0.512.5 ± 0.72.2------PA6/XZ build directiondry20 ± 0.2500 ± 1810 ± 0.416 ± 0.62.2----PA6/Injection Molding (IM)dry\
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Both values of flexural modulus and maximum stresses of filament deposited, on average, are more than six times lower than those obtained by conventional methods (Injection Molding (IM) and Extrusion). This is explained by the lower degree of crystallinity (20%) obtained during the printing that is generally about 30--40% for IM and extrusion specimens but also because of the high porosity generated by the FFF process.

4.3. Influence of build direction on fatigue properties {#s0080}
-------------------------------------------------------

### 4.3.1. Fatigue behaviour and end-of-life analysis {#s0085}

The evolution of the mechanical properties of PA6 with the number of cycles was studied in its visco-elastic domain. [Fig. 10](#f0050){ref-type="fig"} a shows typical evolutions of the maximum load F~max~ applied, with the number of cycles, normalized by the initial maximum load F~max0~ for different loading ratios. Two parts were observed. The first corresponds to slow initial stiffness degradation during the first 100 cycles due to the viscous nature of the polymer and/or the small geometry tolerances at the beginning of the fatigue test (See [Fig. 10](#f0050){ref-type="fig"}a, part 1). It is followed by a rapid and progressive evolution of the damage mechanisms in part 2. The latter is expressed by a semi-logarithmic quasi-linear law:$$\text{F}_{\text{max}}/\text{F}_{\text{max0}} = \mspace{6mu} 1\mspace{6mu} - \mspace{6mu}\text{B\ log}_{10}\left( \text{N} \right)$$where *B* is the slope represented the degradation rate (1/N) and *N* the number of cycles.Fig. 10(a) Evolution of the average maximal load applied versus number of cycles for XZ and XY build orientations of PA6; (b) microscopic damage observations at different loading ratios.

In theory, stiffness degradation results from crack propagation and/or degradation of filament deposited. In our case, the degradation is attributed solely to growth of micro-delamination fatigue cracks at the interface between layers at the level of the load applied ([Fig. 10](#f0050){ref-type="fig"}b). Note that, the XY build orientation is more sensible to delamination than the XZ one that grows with load ratio *r*.

The endurance diagram was plotted to determine the end of life according to an *N~10~* criterion for different loading ratios *r* ([Fig. 11](#f0055){ref-type="fig"} a). This criterion is satisfied when a 10% decrease in the maximum applied load is observed. The N~10~ criterion was chosen because, under three-point-bending fatigue with imposed displacement, a breakage of the PA6 specimens has never been observed. Besides, 3D printing creates anisotropic specimens, as in the case of composites [@b0230], and, therefore, the large dispersion at the end-of-life. It seems that the fatigue properties of PA6 are slightly better for XZ direction than for XY one due to probably lower measured porosity. Based on this data, a simple linear model of the fatigue properties has been developed, using the least-squares method. The function of the linear model follows the form of Eq. [(5)](#e0025){ref-type="disp-formula"}. The linear models plotted in [Fig. 11](#f0055){ref-type="fig"}a for the XY and XZ build orientations are shown in Eqs. [(6)](#e0030){ref-type="disp-formula"} and [(7)](#e0035){ref-type="disp-formula"} respectively:$$\text{r}\mspace{6mu}\text{=}\mspace{6mu} 1.2278 - 0.086\mspace{6mu}\text{log}_{10}\left( \text{N}_{10} \right),\mspace{6mu}\text{with\ R}^{2} = 0.9397$$ $$\text{r}\mspace{6mu} = 1.1323 - 0.078\mspace{6mu}\text{log}_{10}\left( \text{N}_{10} \right),\mspace{6mu}\text{with\ R}^{2} = 0.922$$ Fig. 11(a) Endurance diagram for filament deposited PA6 polymer; (b) fatigue performances of the studied material compared to other polyamides 6 obtained by the conventional process.

For each build orientation, the R-square values of the normalized model were greater than 0.92. This means that 92% of the response variance is accounted for by the linear model.

The value of the inverse degradation rate $\left| {1/B} \right|$ was used to compare the fatigue properties of the studied material to those of PA6 obtained by conventional processes [@b0235], [@b0240], [@b0245], [@b0250], [@b0255]. In fact, the materials with ratio \|1/B\| is the highest present longer the end-of-life and smaller degradation rate. The value \|1/B\| of pseudo-Wohler's curves of studied material was thus considered. The material properties of PA6 obtained by the conventional process are presented in [Table 7](#t0035){ref-type="table"} .Table 7Material properties of PA6.MaterialsPA6PA6.6Ref.\|1/B\|Manufacturing processFFF XYFFF XZIMIMFatigue test mode3-point flexure, f = 5 Hz11.6 ± 0.412.8 ± 0.2--13.3 ± 0.15[@b0235]3-point flexure, f = 15 Hz----18.9--[@b0240]Cantilever-bending, R = −1, f = 15 Hz----16.2--[@b0245]Cantilever-bending, R = −1, f = 35 Hz----18.0--[@b0250]Tension, R = 0.1, f = 5 Hz----16.5--[@b0255]

[Fig. 11](#f0055){ref-type="fig"}(b) presents this comparison. Based on the data of [Table 7](#t0035){ref-type="table"}, the most durable are the specimens from PA6 obtained by FFF in XZ direction. Their \|1/B\| ratio is close to IM of PA6.6 and is lower in range of 20--30% than IM of PA6. To note, it is necessary to consider with caution the literature data presented here, because of the complexity to find both the same test conditions (frequency, moisture, degree of crystallinity...) and the studied polymer material.

### 4.3.2. Energy analysis {#s0090}

Quantitative characterizations of the hysteresis cycles of PA6 were conducted. Each of the stored hysteresis loops ([Fig. 12](#f0060){ref-type="fig"} ) were digitally processed with a MATLAB® designed to calculate:--The maximum potential energy ***Ep***, corresponding to the total area under the force--displacement curve related to the loading phase of the hysteresis cycle, and expressed as: $$E_{p} = \frac{1}{2}\sum\limits_{i = 1}^{n}\left( {d_{i + 1} - d_{i}} \right)\left( {f(d}_{i + 1} \right) + {f(d}_{i}{))}$$ --The elastic energy ***Er*** that is given by the area under the curve corresponding to the unloading phase which is calculated by: $$E_{r} = \frac{1}{2}\sum\limits_{i = 1}^{n}\left( {d_{i + 1} - d_{i}} \right)\left( {g(d}_{i + 1} \right) + {g(d}_{i}{))}$$ --The energy dissipated by the material ***Ed*** and corresponding to the area of the hysteresis cycle which is given by: $$E_{d} = \frac{1}{2}\sum\limits_{i = 1}^{n}\left( {d_{i + 1} - d_{i}} \right){(\left( {f(d}_{i} \right) + {f(d}_{i})}{) -}{({g(d}_{i + 1} + {g(d}_{i})}{))}$$ --And the loss factor ***η*** defined as the ratio of the energy dissipated to the potential energy and given by: $$\eta = \frac{E_{d}}{{2\pi E}_{p}}$$ Fig. 12(a) Illustration of hysteresis cycles and its main parameters in fatigue tests; Hysteresis cycles of (b) XY build orientation and (c) XZ build orientation at r = 68%. Colors -- blue: 100th cycle, red: middle cycle; orange: final cycle.

[Fig. 13](#f0065){ref-type="fig"} presents the evolution of the average fatigue loss factor ***η*** for polymer tested after the FFF process for different loading ratios ***r***. For both XY and XZ build orientations, a similar evolution in the loss factor with the number of cycles corresponded to 10% of loss stiffness is observed ([Fig. 13](#f0065){ref-type="fig"}a and b). The loss factor is either relatively stable at first and then decreases continually as its lifetime is exhausted or is constant during overall fatigue life.Fig. 13Evolution of the loss factor of filament deposited PA6 with the number of cycles corresponded to 10% of loss stiffness and for different loading ratios for: (a) XY build direction; (b) XZ build direction.

Two explanations are possible to describe the loss factor decrease:1.The slight increase of storage compound in the maximum potential energy while the dissipative energy is maintained results in the loss factor decline. It could be explained by the fact that PA6 is becoming more elastic and less visco-elastic during the fatigue process due to the possible hardening of the polymer [@b0260]. Lesser also shows the stress softening and subsequent hardening effects occurring in nylon during the fatigue [@b0260]. In our case, this phenomenon is observed at the lowest stress levels (r = 27%) for both build orientations, by representing the increase of loss factor (softening) followed by its decreasing (hardening) after 10^4^ cycles ([Fig. 12](#f0060){ref-type="fig"}).2.It is also attributed to the evolution of damage mechanisms in the polymers [@b0265]. In our case, it is rather linked with the growth of micro-delamination fatigue cracks in the printed polymer (especially for XY build orientation), (cf. [Fig. 9](#f0045){ref-type="fig"}b).

In addition, the possible slight increase of loss factor during the first 100 cycles could be attributed to the heating of polymer (\<10 °C, see [Fig. 5](#f0025){ref-type="fig"}) due to the viscous nature of the polymer and/or to the small geometry tolerances.

5. Conclusions {#s0095}
==============

This paper focused on the experimental analysis of the quasi-static and fatigue behaviours of PA6 thermoplastic obtained by the FFF process in two different build orientations. Based on the experimental results obtained in this work, the most important conclusions are summarized below:1.Some problems were encountered during the printing process of the PA6. We note the warpage and porosity. To overcome these constraints, special arrangements were made: (i) heated beds at 90 °C, (ii) using enclosure which keeping the air around part at a temperature of about 45 °C, (iii) disabled fan cooling, (iv) rise the extrusion width from the default value of 0.55 to 0.67 mm, and (v) printed the specimens in XZ build orientation with support structure on their edges.2.Despite the effort to eliminate the porosity, the latter remains high (11 ± 1.6% for XZ and 13 ± 2.8 for XY). We observe that depending on how the specimens are oriented on the printing plate, the amount of material deposited is not the same. This is supposed to generate different thermal gradient between layers during the cooling. As a consequence, the successive deposition of new molten polymer onto previously cooled one becomes difficult. Therefore, interfacial diffusion and the resulting adhesion between deposited layers are decreased, by inducing the defects and pores. One of the solutions to reduce the porosities is to try to increase the extrusion flow rate, i.e. the volume of melted plastic material extruded through the nozzle per unit time.3.PA6 specimens printing in XZ build orientation reveal better quasi-static flexural behaviour than in the XY one due to different content of porosity. Also, we note that because of relatively high porosity content regardless of build orientations their flexural mechanical properties reveal worse characteristics compared to Injection Molding or Extrusion.4.In fatigue behaviour, we note that both build orientations presented the linear trends in the semi-log r-N~10~ plots. Linear models were derived for each build orientation. At lower considered stress levels in the visco-elastic domain and according to the N~10~ criterion of the end-of-life, the inverse degradation ratio 1/B of printed PA6 is closer to PA6.6 IM and is 20--30% lower than PA6 IM ones. It is higher for the XZ build orientation than for the XY one. Therefore, the XZ build orientation of PA6 reveals a higher overall fatigue life.5.The roughness depends on build orientations and does not affect the fatigue damage behaviour. The delamination is located inside specimens and no damage is observed on their surface.6.At stress levels below yield point, PA6 appears to become less visco-elastic and more elastic (hardening) for the lowest applied loading ratio, and more damaged for the high applied ratios due to overall reduction in the loss factor. Further investigations need to measure the local dissipated energy by FE computations, and complementary analysis of Dynamic Mechanical Analysis (DMA) is necessary to strengthen the hysteretic analyses of PA 6 polymer.
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